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Abstract  
During the quasi-static indentation of thin composite panels, well-defined flaps (sometimes called 
“petals”) can develop on the exit face as a consequence of through-thickness penetration of the panel; 
such flaps can also be seen in impact tests.  The flaps develop as four triangles, with the apex of each 
triangle at the point of impact.  In this work, thin panels of CFRP with a 0/90 configuration have been 
subjected to quasi-static indentation tests and the development of the flaps has been monitored.  The 
results show that the dependence of the flap compliance is proportional to the square of the flap length, 
which is in agreement with theoretical predictions.  The determination of the compliance/crack-length 
relationship enables a toughness value for fracture of the composite panel to be derived that is directly 
relevant to through-thickness penetration of the panel.   
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1. Introduction 
  
 The formation of “flaps” (also sometimes called “petals” [e.g. 1]) is a feature common to the through-
thickness penetration of thin woven fabric reinforced CFRP panels when tested in drop-weight (low-
velocity) impact tests [2], in ballistic impact tests [3], or in the quasi-static indentation tests used here.    
This work forms part of a study on the effect of carbon nanotubes on flap formation and through-
thickness penetration of woven fabric reinforced CFRP panels.  In this part of the study, a quasi-static 
indentation test (where an impactor is driven at a controlled velocity into a specimen) has been used to 
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investigate the behaviour of the flaps and a method has been developed to derive a toughness value for 
fracture of the composite across the fabric tows.  This use of the quasi-static indentation test in relation to 
flap development is rather similar to the use of similar tests to measure the fracture toughness of ceramics 
[e.g. 4-5]. 
 
 Figure 1 shows the development of such flaps in a plain woven fabric CFRP laminate specimen for 
impactor displacements of 8 mm and 12 mm, where the flap (crack) length, a, has developed from 
approximately 8 mm to 10 mm. In addition to the formation of the flaps (which require extensive tow 
fracture), additional types of damage occur which are similar to the types of damage found in low-
velocity and ballistic velocity impact tests, including delamination, matrix cracking and splitting [see e.g. 
6-8].  However, as first approximations, we suppose (i) that the major energy absorbing mechanisms 
during the development of the flaps and the through-thickness penetration (i.e. perforation) of the 
specimen are the tow fractures along the edges of the flaps, and (ii) that the flaps behave in a linear-elastic 
manner and that any additional damage due to quasi-static indentation (in the form of matrix cracking, 
delamination etc) has only a small effect on the compliance/crack length relationship - this is justified 
subsequently in Section 3.  With the aid of these approximations, an expression for the compliance of the 
flaps is derived and this expression is used for comparison with experimental measurements.  The 
compliance/crack length relationship from the quasi-static indentation tests enables a toughness 
measurement relevant to the through-thickness penetration of the specimen to be derived which can be 
compared with independent measurements of the toughness of the woven fabric reinforced CFRP 
composite.  The methodology is developed first with experiments on PMMA (Perspex). 
 
2. Measurement of the toughness of PMMA using a quasi-static indentation test 
2.1. Introduction 
 
 The purpose of the work described in this section was to carry out experiments using thin PMMA 
specimens in order to compare experimental predictions of the flap compliance as a function of flap 
(crack) length with theoretical predictions.  In addition, the quasi-static indentation test was used to 
measure the toughness of the PMMA, for comparison with single edge notch measurements.  
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2.2. Compliance of a ‘flap’ 
 
 Figure 1 shows that for a thin composite specimen based on a plain woven fabric CFRP, with all the 
tows arranged in orthogonal directions (i.e. overall a 0/90 laminate), each flap can be considered to be 
one-quarter of a square; this shape is maintained as the impactor is driven into the panel and the flaps 
grow in area as the damage extends. Figure 2 shows a sketch of such a flap, which we assume here is 
loaded throughout the test at its apex by a load P’ (note that P’=P/4, where P is the total load applied by 
the impactor to all four of the flaps); in reality the exact position of the point of loading of the flaps is 
likely to vary slightly as the impactor penetrates the specimen and the contact point moves on the 
hemispherical surface of the impactor.  The flap has two edges (where the tows have fractured) having a 
length a, with an included right-angle.  The flap has a length L1 in the z-direction, so that the base of the 
flap triangle has a length a/2.  
 
 The flap is modeled as a cantilever beam acted on by the load P’.  However, for quasi-static 
indentation or impact tests of any type, the impactor is generally driven into a circular specimen and the 
flaps develop with the apex of the triangles at the centre of the circle i.e. where the impactor is driven into 
the specimen.  Consequently, the flaps that develop are not rigidly constrained at the base of the flaps.  To 
account for this lack of constraint, the flap is considered to have a rectangular extension having a length 
L1 attached to the base (as shown in Figure 2), where α is an empirical correction factor derived from 
experimental compliance measurements. The flap-plus-extension has a thickness t, and is fabricated from 
material with a flexural modulus, E. The deflection of the flap-plus-extension as a consequence of a load 
P’ acting perpendicular to the flap, at the flap apex, can be derived using the method of superposition for 
nonprismatic beams [e.g. 9].  The total deflection, A at the end of the flap is equal to the sum of the 
deflections of the triangular and rectangular sections and is given by 
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Consequently, the compliance of the flap-plus-extension, C flap, in relation to the load, P’, is given by 
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 The validity of Equation 2 has been demonstrated using specimens cut from PMMA sheets (obtained 
from ICI plc) having an average thickness of 2.26  0.03 mm and with the shape shown in Figure 2. The 
crack (i.e. flap) lengths, a, and the rectangular extension lengths, L1, that were investigated are shown in 
Table 1 with a value of α = 1. The specimens were gripped rigidly along the length AB and a load (P’) 
was applied at the apex of the flap. The load-displacement response was recorded so that the specimen 
compliance could be derived. In addition, the flexural modulus of the PMMA was measured in 
independent four-point bend tests and was found to be 3.3 ± 0.3 GPa. Figure 3 shows very good 
agreement between the experimentally measured compliance values for the flap-plus-extension compared 
to the predicted values (using Equation 2).  This approach is only valid for situations where the flap 
length is significantly greater than the flap thickness, so that simple beam theory applies. 
 
2.3. Derivation of a toughness value from a quasi-static indentation test  
 
 In a quasi-static indentation test on a specimen containing flaps, the total displacement of the impactor 
recorded by the testing machine consists of the central deflection of the disk, which is held rigidly at its 
circumference, together with the displacement of the flaps-plus-extensions.  If the area of the flaps-plus-
extensions is small compared to the overall impacted disk area, which will generally be the case for quasi-
static indentation tests or impact tests, then the total deflection, total, measured by the testing machine is 
total=disk+flap where disk is the deflection of the disk without flaps under a central point load and flap is 
the deflection of the flaps (including extensions). Figure 4 shows a sketch of a cross-section of a 
specimen for the same quasi-static indentation force, P, (a) without flaps, and (b) the same specimen if 
flaps have developed.  The deflection due to the flaps-plus-extensions for any flap length can be derived 
by subtracting the deflection due to the undamaged disk from the total deflection due to the disk and 
flaps, making the assumption that any damage to the disk outside of the flap area has a negligible effect 
on these deflections.    
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 If the compliance-flap length relationship can be established in this way, it is then possible to derive a 
toughness value when sufficient load is applied to cause the flaps to grow using the equation: 
da
dC
t
P
Gc
2
2
max                                                                                                                  (3) 
 
where Pmax is the load required to grow flaps of length a.  
 
 
 This approach for measuring toughness in quasi-static indentation tests has been tested on specimens 
of PMMA.  Circular specimens, with an overall diameter of 140 mm, were locked into a rig which has the 
dimensions suggested by the CRAG manual [10] for impact tests; details of the rig have been presented 
elsewhere [11]. In this study, the rig has been used with a quasi-static indentation velocity of 0.08 mms
-1
, 
using a glass impactor having a diameter of 15.7 mm. The load-deflection response for flaps of different 
lengths was measured by cutting notches in the shape of a cross into the circular specimens from an initial 
small circular hole (diameter 4 mm) drilled into the centre of the specimens (see Figure 5). Notch (i.e. 
flap) lengths from 8 mm to 12 mm were cut, enabling the compliance of the flaps-plus-extensions to be 
measured for this range of flap lengths (after subtracting the behaviour of the disk with the initial small 
circular hole). Toughness measurements for crack growth in the PMMA were made for 5 crack (flap) 
lengths, in the range 8 mm to 12 mm, with two specimens tested at each crack length. For the toughness 
measurements, the 4 notches forming the four flaps were sharpened at the notch root using a fresh scalpel 
blade. 
  
 Typical load-displacement curves for the disks with flaps of different lengths (a) are shown in Figure 
6(a). It can be seen that these thin disks behave in a non-linear elastic manner, in accordance with the 
behaviour of circular thin plates under a centre point load [12-13]. Figure 6(b) shows graphs of the load 
on one flap, P
’
, plotted versus the flap deflection, δflap, where the flap deflection has been derived using 
the expression flap=total-disk (in this case, disk is the load-displacement curve of a similar disk containing 
the initial circular hole). As Figure 6(b) shows, the flap load/deflection behaviour for a given flap length 
is linear, as expected (Equation (1)).  For a given applied load, the deflection should be proportional to the 
flap length squared, a relationship which is obeyed reasonably well given that for these experiments with 
PMMA, the specimen must be removed repeatedly to enlarge the notch lengths manually, and then 
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replaced in the same position. The compliance measurements derived from such results are plotted against 
flap (i.e. crack) length in Figure 7 for two specimens where the solid line is an expression of the form Cflap 
= 0.38 a
2 
m/N.  Consequently, use of Equation (2) suggests the value of   (the empirical correction 
factor; Section 2.2) for these PMMA specimens when subjected to the quasi-static indentation test is  ≈ 
1.5.   
 
  For the toughness measurements, the loads for unstable crack propagation, and the resulting toughness 
measurements derived using Equation (3), are shown in Table 2, where the results for two specimens are 
shown for each crack length and Figure 8 shows these results graphically. The average toughness derived 
from all of these measurements is 0.43 ± 0.06 kJ/m
2
, where the uncertainty is the standard deviation. For 
comparison, single edge notch measurements of the toughness of the same PMMA material were made 
following ASTM standard E 399-90; the average mode I toughness was found to be 0.32 ± 0.07 kJ/m
2
, 
where again the uncertainty is the standard deviation.  The toughness determined by the quasi-static 
indentation test has been found to be about 34% higher than for the SEN test; this difference is believed to 
be a consequence of mixed-mode fracture in the indentation test.  During the quasi-static indentation tests 
on PMMA, it was rare to find a specimen within which the four sharpened notches had not propagated 
unstably to complete fracture. However, a rare example of a crack which did not propagate to complete 
failure is shown in Figure 9, where the transparency of the PMMA enables the crack profile between the 
impact and exit faces of the specimen to be seen.  The curved profile of the crack shows that the crack is 
longer on the exit face of the specimen than on the impact face.  For single edge notch experiments where 
the crack is growing in pure mode I, the length of the crack on both surfaces of the specimen is the same, 
and the crack front is expected to be planar.  It is clear that the quasi-static indentation test does not 
produce pure mode I crack growth, and it is therefore not surprising that the toughness measurements 
differ. It is interesting to note that Archer and Lesser [14] found the mode II fracture toughness of PMMA 
to be about 6.7 times larger than the mode I fracture toughness, suggesting that the mode II toughness is 
45 times larger than the mode I toughness. Consequently, a mode mixity with even a small proportion of 
mode II is likely to increase the measured toughness significantly.    
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3. Application of the quasi-static indentation toughness measurement to a thin woven fabric CFRP 
panel 
 
 In this section, the methodology used in Section 2 for measuring the toughness of a thin plate using a 
quasi-static indentation test is applied to a CFRP laminate. Specimens were fabricated from six layers of 
plain woven carbon fibre fabric, using a wet lay-up technique. The fabric used was AW186/000/1000, 0.3 
mm thick and 203 g/m
2
 in weight (from Fothergill Engineered Fabrics Ltd) with all the plies in a 0/90 
configuration; the epoxy resin matrix was a Bisphenol-A 67 resin 300 (Shell Epikote 828), with nadic 
methyl anhydride (NMA) hardener and Ancamine K61B catalyst, in the ratio 100:60:4 by weight, 
respectively. Details of laminate fabrication have been given elsewhere [15]. The laminate panels, with 
dimensions 450 mm x 450 mm, were cured at a temperature of 100 
0
C for 3 hours under a pressure of 
approximately 7 kPa. The volume fraction of fibre in the laminates, measured using a burn-off technique, 
was 0.436  0.004, where the densities of the fibre and epoxy resin matrix were 676.7 kg/m3 and 1210 
kg/m
3
, respectively. The average laminate thickness after fabrication was 1.44  0.01 mm. With the 
exception of thickness, the dimensions of the specimens used for the multiple quasi-static indentation 
tests, and for the single edge notch measurement of the toughness, were the same as for the specimens of 
PMMA described in Section 2. Additionally, it should be noted that for the tests on the CFRP specimens, 
the “flaps” formed naturally during the test and there was no need to drill an initial small hole at the 
centre of the specimen. 
 
 A toughness value relevant to quasi-static indentation and penetration of the CFRP panels was 
measured using the same technique as for the PMMA described in Section 2. For the tests on the 
composite panels, multiple quasi-static indentation tests were used in which the impactor was driven into 
a specimen to a certain displacement causing flaps to form, withdrawn and then the impactor was driven 
to a larger displacement causing the flaps to grow; this was repeated, until complete penetration of the 
specimen occurred. A digital video camera enabled photographs to be taken of the exit face of the 
specimen during the test, and flap lengths on both the impact and exit faces of the specimen were 
recorded for increasing impactor displacements.  
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 Typical load-displacement curves for loading and unloading at each maximum impactor displacement 
are shown in Figure 10 (a). It should be noted that, for a given maximum impactor displacement, the 
unloading and reloading curves do not superimpose which is believed to be due to frictional effects: either 
indentor/specimen surface interactions or internal friction due to the sliding of internally delaminated 
interfaces or fractured surfaces. Consequently, the average of the loading and unloading curves has been 
used in the derivation of the force-displacement response of the specimen flaps, as shown schematically 
in Figure 10 (b).  As an aside, it should be pointed out that the loading-unloading curves of Figure 10(a) 
can be analysed in terms of the energy balance, as suggested in [16], between the energy absorbed by the 
specimen (Uabs) and the work delivered by the impactor (Uimp), with both terms normalised by the energy 
required for complete penetration of the specimens (Up), which for these tests was about 15 J.  For all 
specimens, the relationship between the energies was in reasonable agreement with the suggestion in [16] 
that (Uabs/Up)=(Uimp/Up)
n
, with n in the range 1.5 to 2.   
 
 Figure 11 shows the derived graphs of the load on a single flap, P’, plotted versus the flap deflection, 
δflap. The flap load/displacement behaviour is approximately linear, as found for the PMMA specimens. 
Measurements of the flap lengths, a, showed again that the flap lengths on the exit face were longer than 
those on the impact face, this time by about 2 to 3 mm for each flap length. The flap compliance for all 
the specimens tested is shown as a function of average flap length in Figure 12, where the solid line, 
Cflap=0.021a
2
 m/N, is a reasonable fit to the data. The flexural modulus of the undamaged composite 
panels was measured in independent four-point bending tests to be 60 ± 3 GPa, so that the empirical 
correction factor ( ) in Equation (2) is  ≈ 0.4 for this woven fabric CFRP composite.  
 
 Table 3 shows the average crack length, a (i.e. the average of the crack lengths measured on the 
impact and exit faces of the specimen) and the maximum load, Pmax for four specimens at increasing flap 
lengths. As Figure 10 (b) shows, the load to propagate the flaps reduces as the flap length increases. 
Using Equation (3), the toughness values for these four specimens derived from the quasi-static 
indentation tests are also shown in Table 3. Figure 13 shows that the toughness increases from about 16 
kJ/m
2
 at smaller crack lengths to an approximately constant value of about 19 kJ/m
2
 for the longer crack 
lengths (9mm to 13 mm); the average toughness is 18.7 ± 1.6 kJ/m
2 
for all crack lengths, where the 
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uncertainty is the standard deviation. The average toughness of the same composite panels found using 
single edge notch experiments was 16.1 ± 2.4 kJ/m
2
 (this can be compared with a value of about 18 kJ/m
2
 
found for an eight-layer plain weave quasi-isotropic CFRP laminate [17] having approximately the same 
fibre volume fraction, tested using the SEN method). Consequently, as for the PMMA specimens, the 
mode I toughness of the CFRP specimens measured using the quasi-static indentation tests is higher than 
the value obtained using the SEN tests, this time by about 16%.  Again, a mode II toughness contribution 
is indicated, although there does not appear to be any independent data against which this can be 
substantiated.  
 
 Microscopy of the cross-sections of impacted CFRP specimens was used to investigate the extent to 
which delaminations and other damage developed within the flaps of these woven fabric reinforced CFRP 
specimens. Figure 14 (a) shows the exit face of a composite specimen which had been subjected to a 
displacement of 8 mm (producing average flap lengths of about 7 mm and 5 mm on the exit and impact 
faces, respectively). The specimen was sectioned in order to observe the damage in a cross-section 
located at a distance of about 2 mm from the centre of the indentation (as indicated in Figure 14 (a)). This 
cross-section, shown in Figure 14 (b), includes two of the flap fracture faces; the fracture path between 
the impact and exit faces can be seen to include tow fractures, delaminations and matrix cracking; 
extensive delaminations can also be seen away from the main fracture path. The results in Figure 12 
suggest that this additional damage increases the compliance of the flaps by about 15 – 20%, especially 
for the longer flap lengths.  It is possible to estimate the contribution of delamination and matrix cracking 
to the absorbed energy, assuming that there is saturation matrix cracking throughout the volume enclosed 
within the lines of the tow fractures and that every interface between plies is delaminated (a very large 
overestimate).  For the longest flap lengths investigated (12 mm), taking the mode I fracture energy for 
matrix cracking to be 130 J/m
2
 [18] and mode II fracture energy for delamination to be 155 J/m
2
 [19], the 
energy absorbed is approximately 0.5 J.  This can be compared with the experimentally measured 
absorbed energy for complete penetration of about 15 J, suggesting that delamination and matrix cracking 
contribute less than 5% of the energy absorbed. 
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4. Concluding remarks 
 
 This paper has reported results of experiments using quasi-static indentation experiments at very low 
impactor velocities.  In common with the results of low-velocity and ballistic velocity tests, the results 
show that triangular “flaps” can form as a consequence of through-thickness penetration (i.e. perforation) 
of thin woven CFRP panels laid-up in a 0/90 configuration.  The compliance of these flaps is predicted to 
vary with the square of the flap (i.e crack.) length and this has been found to be in reasonable agreement 
for experiments on PMMA and on thin woven fabric reinforced CFRP panels. In order to account for the 
lack of rigidity at the base of the flaps, an empirical flap-length correction factor has been introduced.  
Combining the compliance/flap length measurements with the load required to grow the flaps, a 
toughness value can be obtained for the growth of the flaps during quasi-static indentation tests. 
Experimental observations of the crack profile on the impact and exit faces, together with comparisons of 
the toughness values obtained from the indentation tests with the values found using SEN experiments, 
suggests that the toughness value derived in the indentation tests is not a pure Mode I value.  
 
 The technique developed here for determining a toughness relevant to a quasi-static indentation may 
be useful in subsequent work on improving the penetration resistance of a woven fabric CFRP laminate 
through additions to the matrix (e.g. using carbon nanotubes).  The approach outlined here has been 
developed using quasi-static indentation tests but is likely to be relevant to low-velocity impact events as 
well; although similar flaps have also been observed for high-velocity impact, the analysis does not 
currently incorporate the additional complications of ballistic impacts. 
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Figure caption 
Figure 1. View of exit face of a specimen for which the flap (crack) length has increased from (a) 8 mm 
to (b) 10 mm. In each case, one of the four flaps is delineated. 
Figure 2. Sketch of a triangular flap with a rectangular extension. 
Figure 3. Experimentally measured compliance values compared to predicted compliance values. 
Figure 4. Schematic of a cross-section through the centre of a disk subjected to the same impact force (a) 
before flaps develop, and (b) after flaps develop; (c) load-displacement response of a disk without flaps 
(δdisk) and with flaps (δtotal). 
Figure 5.  A sketch of the flaps formed from 4 notches, each 8 mm long; the specimen has a 4 mm 
diameter hole at the centre of the disk. 
Figure 6. (a) Typical load-displacement curves for a range of flap lengths; (b) the load on one flap, P
’
, 
plotted against flap deflection for increasing crack lengths.  
Figure 7. Graph of flap compliance against crack (flap) length; the solid line shows an expression of the 
form
2aC  . 
Figure 8. Toughness values of PMMA as a function of crack (flap) length. 
Figure 9. Image of an illuminated crack developed during the quasi-static indentation tests on PMMA; 
the tapered profile of the crack front shows that the crack is longer on the exit face than on the impact 
face.  
Figure 10.  (a) Load-displacement curves for increasing impactor displacements for four specimens; (b) 
the same showing the average (solid lines) of the unloading-loading parts of the curve.  
Figure 11. Load on one flap, P’, plotted against the flap deflection for the four specimens of Figure 10. 
Figure 12. Graph of flap compliance against crack (i.e. flap) length; the solid line shows an expression of 
the form
2aC  . 
Figure 13. Toughness values measured using the quasi-static indentation tests for the CFRP specimens 
for different crack (flap) lengths. 
Figure 14. (a) Exit face view of a specimen which was tested to a displacement of 8 mm producing flaps 
with a length, a, of about 7 mm; (b) a cross-section of the same specimen located about 2 mm from the 
centre of impact, with the impact and exit faces of the specimen indicated. 
 
Table captions 
Table 1. Flap lengths and extension lengths for compliance measurements on PMMA flaps. 
Table 2. Toughness measurements of PMMA derived from the quasi-static indentation tests, showing the 
results for two specimens for each crack length. 
Table 3. Toughness measurements for the thin woven fabric CFRP panels for four specimens derived 
from the multiple quasi-static indentation tests; for each specimen, the toughness measured at four 
(increasing) crack lengths is shown.  
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Table 1 
Crack (flap) 
length 
 a [mm] 
Extension length 
L1 [mm] 
25 17.7 
50 35.4 
75 53.0 
100 70.7 
 
Table 2 
Crack length 
a [mm] 
Load 
Pmax [N] 
Toughness 
Gc [kJ/m
2
] 
8 71.71 0.46 
 66.03 0.36 
9 68.73 0.51 
 68.43 0.40 
10 58.94 0.44 
 62.24 0.29 
11 68.95 0.46 
 63.39 0.43 
12 60.00 0.46 
 60.62 0.47 
 
Table 3 
Specimen Average 
crack length 
a [mm] 
Load 
Pmax [N] 
Toughness 
Gc [kJ/m
2
] 
 
 
#1 7.2 1.58 16.4 
 
16.4 
19.2 
20.3 
19.3 
15.7 
18.4 
19.6 
21.3 
16.8 
19.5 
19.5 
19.9 
16.1 
 9.0 1.52 19.2 
 
 10.9 1.42 20.3 
 12.0 1.33 19.3 
 
#2 7.1 1.56 15.7 
 8.9 1.52 18.4 
 9.9 1.49 19.6 
 11.8 1.42 21.3 
#3 8.0 1.53 16.8 
 9.2 1.54 19.5 
 11.2 1.40 19.5 
 12.8 1.32 19.9 
#4 7.1 1.55 16.1 
 8.9 1.56 20.1 
 9.8 1.45 19.2 
 12.2 1.27 18.4 
 
